found in the matrix of mitochondria (2) . Experimental evidence Manganese superoxide dismutase (MnSOD) has been found has indicated that most cancer cells and in vitro transformed to be depleted in a variety of tumor cells as well as in cell lines have diminished MnSOD activity compared with in vitro transformed cell lines, suggesting that MnSOD may their normal counterparts (3) (4) (5) . Therefore, the deficiency in function as an anticarcinogen by protecting the cell from
MnSOD may contribute to a condition of oxidative stress that oxidant-induced carcinogenesis. The relationship between promotes neoplastic transformation and/or maintenance of the MnSOD expression and tumor promotion was studied by malignant phenotype.
transfection of a human MnSOD cDNA into the promotable
In several studies a correlation between decreased MnSOD mouse epidermal cell line JB6 clone41. The effect of levels and tumor development has been demonstrated (6-9).
MnSOD overexpression on the promotion-sensitive pheno-
Overexpression of MnSOD in mouse C3H10T1/2 cells resulted type of JB6 cells was assessed by measuring growth characin a decrease in the frequency of radiation-induced neoplastic teristics such as growth rate and the ability to form colonies transformation (6) 
(9). is associated with increased expression of the transcription
Free radicals are involved in both the initiation (10,11) factor AP-1, we compared c-jun and c-fos mRNA expression and promotion/progression stages (12-14) of carcinogenesis in MnSOD-transfected and control JB6 cells. Overand their scavengers are found to be inhibitors in both stages expression of MnSOD led to a significant decrease in c-jun (15,16). 12-O-Tetradecanoylphorbol-13-acetate (TPA) is one and c-fos expression in response to treatment with TPA or of the most studied tumor promoters and is also a free radical the oxidant promoter superoxide. These findings indicate generator (17). It has been suggested that TPA acts as a strong that the promotion-sensitive phenotype of JB6 clone41 cells promoter through an oxygen-mediated mechanism (18) and can be reverted by increasing MnSOD intracellularly. A that oxygen radicals are the critical components of the tumor possible mechanism is that elevated MnSOD expression promotion process (17,19). If indeed oxidants are the necessary might change the intracellular redox state by altering the intermediates in TPA-induced tumor promotion, an increase balance of reactive oxygen species. This could lead to a in the intracellular antioxidant defense should block or revert modulation of TPA and oxidant-induced signal transducthe tumor promotion process. In the present study we therefore tion pathways controlling cell growth and differentiation.
examined the effect of MnSOD overexpression on TPAinduced promotion/transformation in JB6 clone41 cells. For this purpose we used the JB6 mouse epidermal cell Introduction system. It represents an excellent in vitro model for studying multistage carcinogenesis and consists of clonal Oxidants are ubiquitous in our aerobic environment and are genetic variants that are sensitive (clone41) or resistant formed in situ in tissues and cells by normal metabolism and (clone30) to the promotion of neoplastic transformation by the metabolism of xenobiotics. Oxidants are toxic and produce TPA (20-22). macromolecular damage. The sensitivity of cells to oxidants is attenuated by low molecular weight antioxidants and antiMaterials and methods oxidant enzymes, which include manganese-containing superoxide dismutase (MnSOD*), copper/zinc-containing
Cell lines
superoxide dismutase (CuZnSOD), catalase (CAT) and glutaMouse epidermal JB6 clone41 cells were originally received from Dr thione peroxidase (GPx). In the antioxidant enzyme system N. Colburn and were cultured in monolayers with 8% fetal bovine serum in minimal essential medium (MEM) supplemented with 50 ng/ml Na 2 SeO 3 . Northern blot analysis SOD activity measurement Cells were grown in 10 cm culture dishes in complete growth medium until 80% For SOD determination on activity gels, cells were collected in cold phosphateconfluent. After serum starvation for 48 h in MEM plus 0.25% fetal bovine buffered saline (PBS) and sedimented at 1600 g for 5 min. The cell pellet serum, MnSOD-transfected and control cells were treated with 100 ng/ml TPA was then resuspended in 200 µl 50 mM potassium phosphate buffer, pH 7.8, or xanthine/xanthine oxidase (X/XO) (20 and 2 µg/ml) for 1 h (30). Total RNA followed by sonication for four 15 s bursts on a Branson sonicator B15 was prepared according to the procedure of Chomczynski et al. (31) . A total of (position 2, continuous setting). Aliquots were removed from each sample to 10 µg total RNA was electrophoresed on a 1.4% agarose-formaldehyde gel and determine the protein concentration using the BCA reagent (Pierce). Extracts then transferred to Gene Screen membranes. The filters were prehybridized were then centrifuged at 800 g for 5 min and the supernatant was saved. An in 50 mM Tris-HCl, pH 7.5, 0.1% sodium pyrophosphate, 1% SDS, 0.2% aliquot of the cleared extract corresponding to 50 µg protein was applied to poly(vinylpyrrolidone), 0.2% Ficoll, 5 mM EDTA, 50% formamide, 0.2% bovine a non-denaturing 7-15% gradient gel in order to localize MnSOD and serum albumin, 1ϫ SSC, 150 µg/ml denatured salmon sperm DNA at 65°C for CuZnSOD activity according to the procedure of Beaucham and Fridovich 4 h. For hybridization, 1ϫ10 6 c.p.m./ml 32 P-labeled probe solution was added (26) , with the exception that no TEMED was used for staining. Alternatively, and filters were incubated overnight at 65°C. The filters were washed at 65°C SOD activity was measured using the modified nitroblue tetrazolium coloritwice for 15 min with 2ϫ SSC, 0.1% SDS and twice for 15 min with 0.1ϫ SSC, metric assay (27). MnSOD activity was determined in the presence of 5 mM 0.1% SDS. The probes were riboprobe transcripts of the riboprobe vectors sodium cyanide. CuZnSOD activity was calculated by subtracting MnSOD pSP65-v-fos (685 bp, SalI-PstI) (32), pGEM2-mouse-c-jun (2.6 kb, EcoRIactivity from the total SOD activity.
Construction of expression vectors containing MnSOD and preparation of
EcoRI) (33) and pSP65-GAPDH (34).
CAT and GPx activity measurement
Growth curve For the determination of CAT and GPx activities, monolayers were rinsed Cell growth was measured by determining the number of cells as a function twice with ice-cold PBS and cells collected with a rubber policeman. The of time. Cells were seeded into 24-well plates at 2ϫ10 4 cells/well. Three cells were sedimented for 5 min at 1600 g. Then, cells were resuspended in wells for each clone were seeded for each time point. Cells were counted 50 mM potassium phosphate, pH 7.0, 0.5% Triton X-100 and sonicated for every 24 h using a hemocytometer.
Cell viability
Aliquots of 5ϫ10 4 cells were plated in 60 mm dishes and viability was determined every 48 h. The medium containing possible dead cells was removed and then combined with the trypsinized cells in a tube. After centrifugation cells were resuspended in 0.2% trypan blue in 0.9% sodium chloride and incubated at room temperature for 5 min. The numbers of viable and dead cells were counted in a hemocytometer.
Soft agar assay
The soft agar assay was essentially as described in Nakamura et al. (35) . Parent, gpt control and MnSOD-transfected cells growing in monolayer culture were trypsinized and resuspended in 0.33% agar medium containing 10% fetal calf serum with and without 100 ng/ml TPA. In triplicate 35 mm Petri dishes 1.5 ml of the suspension containing 10 4 cells was plated over a bottom 0.5% agar layer. Soft agar dishes examined immediately after plating showed only single cells. Soft agar colonies of Ͼ8 cells were scored after 14 days as previously described (35) .
Results

Expression of MnSOD in JB6 clone41 cells
JB6 clone41 cells were transfected with the expression vector pD 5 -gpt-MnSOD containing the human MnSOD cDNA under the control of the adeno5 major late promoter. As a control JB6 cells were transfected with the vector pD 5 -gpt alone. After selection in HAT medium, resistant colonies were isolated and expanded for further characterization. Three MnSOD-(MnSOD2, MnSOD31 and MnSOD36) and two vector-trans- activity by the photoinduced nitroblue tetrazolium reaction as described in Beauchamp et al. (26) .
Expression of the MnSOD gene was examined using two inverse correlation between MnSOD expression and soft agar Endogenous CuZnSOD, which appears as a band at 32 kDa, is growth in JB6 clone41 cells. equally expressed in gpt control and MnSOD-transfected cells.
Effect of MnSOD overexpression on c-fos and c-jun mRNA
The activities of CuZnSOD, GPx and CAT were also expression measured to determine whether there was any change resulting
Since the preneoplastic phenotype of JB6 clone41 cells has from the transfection or selection process. No significant been closely linked to the level of AP-1 expression (40), we difference was found in the activity of these antioxidant examined the effect of MnSOD overexpression on c-jun and enzymes (Table I) .
c-fos mRNA expression in MnSOD-transfected and control Effect of MnSOD expression on cell growth cells. Because oxygen radical generating compounds have MnSOD overexpression is expected to affect the redox state been shown to induce the formation of soft agar colonies in of a cell because of a decrease in the concentration of O 2 -and JB6 clone41 cells (35) and because TPA-induced promotion/ a corresponding increase in the production of H 2 O 2 . Changes transformation is believed to be mediated in part through an in the redox state have been shown to affect cellular growth oxidant pathway (18), we examined c-jun and c-fos expression (36) (37) (38) (39) . We therefore examined the effect of MnSOD overin response not only to TPA but also to the oxidant promoter expression on the growth rate of JB6 cells. Cell growth was superoxide. The RNA blot in Figure 4 shows two bands of assayed by seeding cells into 24-well plates and counting the 2.7 and 3.4 kb in size after hybridization with a mouse c-jun cell number each day for five consecutive days. Figure 2 riboprobe. The same blot was stripped and rehybridized with shows the result of a representative experiment; two other a v-fos riboprobe detecting the 2.2 kb endogenous c-fos experiments had similar results. Each of the MnSODmessage. The relative expression of c-jun and c-fos was expressing clones had a slower growth rate than the parental quantified by calculating the ratios of c-jun over glyceraldehyde and gpt control cells. The slowest growth rate was observed 3-phosphate dehydrogenase (GAPDH) and c-fos over GAPDH. in clone MnSOD36, which showed the highest MnSOD
Our results show that c-jun expression is decreased by~50% expression. The doubling time of clone MnSOD36 was 39.4 in the MnSOD-transfected cell clone MnSOD31 compared h, compared with 27.3 h for the parental and 27.9 h for the with control cells in response to TPA as well as to the oxidant gpt control cells.
promoter superoxide generated by X/XO treatment. Similarly Effect of MnSOD expression on TPA-induced soft agar growth to c-jun, TPA-induced c-fos expression in these MnSODof JB6 clone41 cells expressing cells is decreased by 50% compared with control cells. X/XO treatment only weakly induces c-fos expression We used the soft agar assay to determine the effect of MnSOD expression on TPA-induced anchorage-independent growth. in JB6 clone41 cells, whereas TPA is a strong inducer of cfos in these cells. It is noteworthy that c-jun and c-fos are This assay was performed by seeding single cells in 0.33% agar in the presence or absence of 100 ng/ml TPA. The results differentially expressed in response to X/XO treatment in JB6 clone41 cells. X/XO strongly induces c-jun but only weakly are shown in Figure 3 . Parental JB6 clone41 cells formed colonies in soft agar with an efficiency of 2.9%. Vectorinduces c-fos expression. In summary, MnSOD expression leads to a decrease in c-jun and c-fos expression in response transfected JB6 cell clones gpt1 and gpt4 gave rise to a 3.5 and 3.7% colony forming efficiency. All the MnSODto TPA or superoxide treatment. This suggests that MnSOD suppression of transformation in JB6 clone41 cells may be overexpressing clones showed a significant reduction in TPA-explanation for the decreased viability of CuZnSOD transfectants is increased toxicity due to the peroxidatic activity of CuZnSOD, since MnSOD does not possess peroxidatic activity (44) .
Changes in the growth rate were observed in all three MnSOD-overexpressing clones. Compared with parental and gpt control cells, MnSOD-transfected clones had slower growth rates. Among the three clones, MnSOD36 had the slowest growth rate. This demonstrates a strong causal relationship between MnSOD level and inhibition of cell growth. Our results are in agreement with a recent report where MnSOD overexpression led to a decrease in cell growth (9).
It is evident from our results in Figure 3 that MnSOD overexpression in JB6 clone41 cells reduces the frequency of colony formation in soft agar in the presence of TPA. This clearly demonstrates that MnSOD can function as an antipromoter in this in vitro tumor promotion model. Among the three clones studied there was an inverse correlation between MnSOD expression and soft agar growth. MnSOD36, which showed the highest MnSOD activity, did not grow in soft agar, whereas MnSOD 2 and MnSOD31 showed greatly reduced capability to grow in soft agar.
We wondered whether the decreased growth rate and the reduced frequency of formation of colonies in soft agar of transfectants was due to decreased proliferation and not increased cell death. mediated by inhibiting signal transduction pathways that lead
The levels of CuZnSOD, CAT and GPx were not significantly to activation of the transcription factor AP-1. altered in the gpt control nor the MnSOD transfectants. Even though CuZnSOD activities in MnSOD2 and MnSOD36 appear Discussion to be increased compared with control cells, these differences may not be significant considering the large error margin in Because of the inverse correlation between MnSOD expression and cell growth and tumor metastasis, it has been speculated the CuZnSOD activity determination. These results eliminate the possibilty that the observed phenotypic changes are due to that MnSOD may function as a tumor suppressor gene (41) . MnSOD activity has been found to be elevated in differentiated changes in other antioxidant enzymes. The molecular mechanisms that account for the function cells, but lower in stem cells and significantly decreased in many cancer and in vitro transformed cells (5, 9) . This suggests of MnSOD as an antipromoter are unknown. One possible interpretation is through a change in the free radical balance. that a decrease in MnSOD expression may be one of the causal factors for the establishment and maintenance of the MnSOD catalyzes the breakdown of O 2 -into H 2 O 2 . As a consequence, both the substrate and the product of MnSOD malignant phenotype. In this report we studied the relationship between MnSOD expression and TPA-induced transformation are reactive oxygen intermediates. Besides being toxic, reactive oxygen species have been shown to play an important role in by increasing MnSOD levels in JB6 clone41 cells, which express little endogenous MnSOD. Our results show that the regulation of cell growth (36) (37) (38) (39) . Whether oxidants are toxic or growth promoting seems to depend on the species partial suppression of the transformed phenotype in MnSOD transfectants is linked to increased levels of MnSOD activity. and the concentration of the free radical intermediate. How oxidants regulate cell growth is, however, unclear, because In our previous work (30,42) we have shown that increased expression of CuZnSOD in JB6 clone41 cells resulted in oxidants have multiple cellular targets and can affect directly or indirectly many biochemical processes. In this context decreased viability due to either increased production of H 2 O 2 or increased peroxidatic activity of CuZnSOD (43) . Peroxidatic oxidants have been shown to act as signal transducers for external stimuli such as growth factors, cytokines and hormones activity is the CuZnSOD-catalyzed oxidation of substrates such as lipids by H 2 O 2 . Because CuZnSOD overexpression is (45) , therby activating protein kinase C and members of the MAP kinase cascade (46) . Furthermore, oxidants change toxic to JB6 cells, we were unable to isolate cell clones with CuZnSOD activity Ͼ2-to 3-fold the activity of control cells the redox status of transcription factors and as a consequence alter their capacity to bind to DNA and to transactivate genes (30). We were therefore concerned that overexpression of MnSOD would be toxic to the cell and as a consequence it involved in the regulation of cell growth (47) . Finally, oxidants induce lipid peroxidation, which influences signal transduction would be difficult to isolate clones with high MnSOD expression. As our results in Figure 1 and Table I show, we were at the cell membrane (48) .
Since the transformed phenotype of JB6 clone41 cells is able to isolate cell clones with MnSOD activity 10-to 30-fold higher than control cells. In view of these results the likely closely associated with the level of expression of the transcrip- in CAT or GPx (51) . Alternatively, it cannot be ruled out 
